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Temperature-dependent Hall-effect measurements in hydride vapor phase epitaxial GaN grown on
sapphire can be well fitted over the temperature range 10–400 K by assuming a thin, degenerate
n-type region at the GaN/sapphire interface. This degenerate interfacial region dominates the
electrical properties below 30 K, but also significantly affects those properties even at 400 K, and
can cause a second, deeper donor to falsely appear in the analysis. However, by using a two-layer
Hall model, the bulk mobility and carrier concentration can be accurately ascertained. © 1997
American Institute of Physics. @S0003-6951~97!00125-3#
Progress in GaN materials1 and device development2 has
accelerated in the past few years following the demonstration
of high-conductivity, p-type epitaxial layers.3 Blue lightemitting diodes are already a commercial product,4 and blue
laser diodes,5 uv detectors,6 and high-power, hightemperature field-effect transistors7 have been demonstrated
and are improving rapidly. Most of the GaN ~also InGaN and
AlGaN! material used so far for device development consists
of epitaxial growth on sapphire, and the epitaxial techniques
include metalorganic chemical vapor deposition ~MOCVD!,
molecular beam epitaxy ~MBE! and hydride vapor phase epitaxy ~HVPE!. Because of the large lattice mismatch ~14%!
between GaN and sapphire, a thin, highly dislocated region
is generated at the layer/substrate interface to relieve the
strain, and the structural properties of this interface region
have been studied in great detail. However, little is known
about the electrical and optical properties of the interface.
Recently, Götz et al.8 have progressively thinned a 13-mmthick HVPE layer down to 1.2 mm, and shown that the conductance does not scale down linearly, but that a significant
component must exist at or near the interface. In the present
work, we show by temperature-dependent Hall-effect measurements and theory that this interface conductance can be
quantified, nondestructively, and that it significantly affects
the usual fits of carrier concentration versus temperature.
That is, without correction, the fitted shallow donor concentration is too large and its energy is too low; furthermore, a
second, deeper donor often falsely appears. The mobility
versus temperature curve is also affected in that the whole
curve is shifted downward from the true, bulk curve. Fortunately, both carrier concentration and mobility data can be
corrected by a two-layer Hall analysis.9
The GaN sample, 289B, was grown by hydride vapor
phase epitaxy on sapphire to a thickness of 20 mm. Sputtered
ZnO was used as a buffer layer between the sapphire and
GaN, but the ZnO was no longer present after completion of
the growth.10 In the study described in Ref. 8, GaCl was used
instead of ZnO in the pretreatment process; however, our
results described below are nearly identical for the two types
of pretreatments. It is known that the GaCl-pretreated interface contains a thin ~2000–3000 Å!, high-density region of
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stacking faults; the same may also be true for the ZnOpretreated interface.
By performing Hall measurements as the layer thickness
in their sample was reduced from 13 to 1.2 mm, Götz et al.8
estimated that the sheet concentration of donors in the interfacial region exceeded 1015 cm22. Capacitance-voltage measurements, on the other hand, showed that N D 2N A was relatively constant at about 531016 cm23, which would give a
sheet concentration of only about 731013 cm22 for the
whole, 13 mm layer. Thus, Götz et al. concluded that the
Hall measurements were strongly affected by the interfacial
region, but they did not determine how to obtain the correct
bulk electrical data in the presence of this effect. Here we
quantitatively elucidate both the bulk and interfacial electrical properties by applying a two-layer Hall-effect model to
the temperature-dependent conductivity ~s! and Hallcoefficient ~R! data. It is critical in this analysis to get experimental data below 30 K, because the interfacial layer
begins to dominate at this temperature.
The¬ relevant¬ relationships¬ for¬ a¬ multiband¬ ~or
multilayer! analysis are9

s h5
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~1!
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where m i is the conductivity mobility of layer i, m Hi
(5R hi s hi ) is the Hall mobility, n hi is the true sheet carrier
concentration, and n Hhi (5n hi /r i ) is the sheet Hall concentration, where r i is the Hall factor. Note that the symbol
‘‘h’’ denotes a sheet concentration (cm22), rather than a
volume concentration (cm23). ~It should be remembered that
a simple Hall measurement gives no thickness information,
and thus can determine only sheet concentration.! Our case is
a two-layer problem, with i51 representing the bulk layer,
and i52, the interfacial layer. For plotting purposes, we normalize both layers to the bulk thickness, d520 m m; i.e., we
divide Eqs. ~1! and ~2! by d. Then, in terms of the normally
measured quantities, m H and n H , we get
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FIG. 1. Uncorrected Hall concentration data ~squares! and fit ~solid line!,
and corrected data ~triangles! and fit ~dashed line! vs inverse temperature.
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on a different sample, 262D, which was 60 mm thick but also
grown on sapphire with a ZnO pretreatment. For this latter
layer, n Hh2 5731014 cm22, which is in excellent agreement. Thus, low-T Hall measurements provide a useful way
to characterize the GaN/sapphire interface. If the source of
interfacial electrons is the 2000 Å highly defected region,
then the volume density of electrons in this region is n H2
5n Hh2 /2000 Å.431019 cm23. Clearly, this electron concentration would be expected to be degenerate and temperature¬ independent¬ ~as¬ observed!,¬ since¬ the¬ Mott
concentration11 in GaN is about 131018 cm23, and the concentration at which the Fermi level enters the conduction
band,12 about 631018 cm23. Thus, our model is selfconsistent. Note that because the layer is degenerate,
n 2 5n H2 ; i.e., r 2 , the Hall r factor will be close to unity.
The temperature independence of m 2 and n 2 allows an
easy separation of the bulk properties, n H1 and m H1 , from
the two-layer properties, n H and m H :

2

.¬

~4!

The Hall concentration and Hall mobility data are presented in Figs. 1 and 2, respectively. Beginning at high T
~low 1/T! and proceeding toward low T, we see a classic
donor freeze out in Fig. 1, which suggests that the bulk concentration, n H1 , is negligible at the lowest values of T. Thus,
at very low T, the interfacial layer must be dominant so that
m H 5 m H2 and n H 5n Hh2 /d. Both the mobility and carrier
concentration data are flat below 30 K, denoting a degenerate
layer. From Fig. 2, m H2 555 cm2/V s, and from Fig. 1,
n Hh2 /d53.931017 cm23, or n Hh2 .831014 cm22. Note
that this value is quite comparable to the estimate of Gotz
et al.,8 mentioned earlier, even though their GaN layer was
grown with a different ~GaCl! pretreatment. To further validate that n Hh2 represents the interfacial layer, we took data
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We plot the extracted n H1 and m H1 in Figs. 1 and 2, respectively. Several interesting features are immediately noticed:
~1! the carrier concentration and mobility data are affected
over the full temperature range, not just at low temperature;
~2! the n H1 vs T data look like they represent a standard,
single-donor case, whereas if we had considered the uncorrected (n H ) data only, in the usual temperature range T
580– 400 K ~or 103 /T512.5– 2.5!, we would have had to
use a two-donor model to fit the data; and ~3! the true 300 K
Hall mobility ( m H1 ), which is often used as a figure of merit,
is significantly higher ~784 vs 633 cm2/V s! than that given
by the uncorrected data ( m H ).
To fit the carrier-concentration data, we use a singledonor model13
n1N A 5

ND
,¬
11n/ f

~7!

where f 5g 0 /g 1 N C8 T 3/2 exp(2ED /kT). Here N D is the donor
concentration, N A the acceptor concentration, g 0 the degeneracy of the unoccupied donor state ~assume g 0 51!, g 1 the
degeneracy of the occupied state ~assume g 1 52!, N C8 , the
effective density of states at T51 K ~N C8 .4.9831014 cm23
for m * 50.22m 0 !, and E D the donor activation energy. The
parameters fitted from Eq. ~7! include only N D and E D ,
since N A is determined from the mobility fit.
The mobility is fitted by solving the Boltzmann equation
in the relaxation-time approximation.14 That is, m H
5e ^ t 2 & /m * ^ t & , where the brackets denote an average over
electron energy E, and
1
1
1
1
1
5
1
1
1
.¬
t ~ E ! t ac~ E ! t po~ E ! t pe~ E ! t ii~ E !

FIG. 2. Uncorrected Hall mobility data ~squares! and fit ~solid line!, and
corrected data ~triangles! and fit ~dashed line! vs temperature.
3378¬

~8!

The terms in Eq. ~8! represent the usual acoustic mode,
polar-optical mode, piezoelectric, and ionized-impurity ~or
defect! scattering, respectively. In actuality, an analytical
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form for t po(E) cannot be written, because the scattering is
inelastic; however, following a treatment similar to that discussed in Ref. 14, we can write an analytical expression for
t po(E) that approximately reproduces the polar-optical mobility found by an iterative solution of the Boltzmann equation. We have shown that the fitted N A varies little by invoking the relaxation-time approximation, but that the
computational time is much less. The rest of the scattering
constants¬ are¬ taken¬ from¬ the¬ literature:15 acousticdeformation potential, E 1 59.2 eV; piezoelectric constant,
e 1450.5 C/m2;¬ low-frequency¬ dielectric¬ constant, e lf
510.4e 0 ; high-frequency dielectric constant, e hf55.47e 0 ;
Debye temperature, T D 51044 K; and effective mass, m *
50.22m 0 . Also, the polar-optical scattering was increased
by a factor of 1.8 in order to fit the high-temperature part of
the mobility curve. However, this factor has little effect on
the low-temperature region, where ionized-impurity scattering dominates, so that a reliable value of N A can still be
calculated.
The fits are shown as solid lines ~for n H and m H ! and
dashed lines ~for n H1 and m H1 ! in Figs. 1 and 2. Clearly, the
fits are satisfactory and verify the model. The fitting parameters are: N D 52.131017 cm23, N A 5531016 cm23, and
E D 516 meV. If the donor is Si, which presumably has a
donor energy of E D0 529 meV, 16 at N D 50, then we would
expect E D 5E D0 2 a N 1/3
D 516.5 meV, since a ~the screening
factor! has been given as 2.131025 meV cm. 17 Although
our fitted E D is in excellent agreement, it should not be taken
as a verification of E D0 or a; much more work on many
other samples will be necessary to establish these two parameters accurately. In fact, a value of E D0 535 meV for residual donors ~perhaps Si! has also been suggested.17
A final confirmation of our analysis comes from 300 K
capacitance-voltage measurements, which give a concentration of 1.231017 cm23 in the near-surface ~0.1–0.3 mm! region. This value is close to the corrected Hall concentration
of 1.331017 cm23, but far from the uncorrected concentration of 1.931017 cm23.
In summary, we have shown that HVPE GaN layers
grown directly on sapphire contain a thin, highly degenerate
n-type region which is close to the GaN/sapphire interface
and is likely associated with a 2000 Å region of high-density
stacking faults, reported earlier. For the present sample, n h
.831014 cm22 and m .55 cm2/V s in this region. This degenerate layer significantly affects the mobility and carrier

concentration data, even at high temperatures. However, a
simple two-layer Hall-effect model fits both the mobility and
carrier-concentration data very well, and allows the bulk
electrical parameters to be extracted. In particular, the true
300 K mobility, often used as a figure of merit, is significantly higher than that given by the uncorrected data.
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